Assessing the toxicity and health risk of environmental chemicals is a complex process. Major data gaps exist in the hazard-, dose-response-, and exposure-assessment components of the risk assessment process that leads to the risk characterization step as defined by the National Academy of Sciences (1) . Although complete information is often not available, decisions must be made; thus, the practice of using empirically derived uncertainty factors has emerged out of necessity and has been readily assimilated in the health risk assessment process (2, 3) . Because so many chemicals and their mixtures are found in our environment, the challenges presented for risk assessment are immense. The focus of health risk assessment should be on chemical mixtures of actual concern to the public health, i.e., those that are found in completed exposure pathways rather than all those found in the environment. To identify chemicals of actual concern at hazardous waste sites the Agency for Toxic Substances and Disease Registry (ATSDR) has defined a multistep process that systematically evaluates the chemicals found at a site. The first step in identifying chemicals found at a site is to identify the contaminated media and the chemicals found in the media. Next, the route of exposure and a receptive population are identified. The focus of health risk assessments is those chemicals and their mixtures that may pose health risk to a human population through past, current, or future exposure (4) (5) (6) .
Once the composition of a chemical mixture of actual concern has been determined, the toxicity assessment is performed, most often through the use of the hazard index (HI) approach. The HI approach allows the toxicity of the mixture to be estimated through potency-weighted dose addition (DA) of each component of the mixture, thus allowing exposure levels and toxicologic consequences of the exposure to be combined into a single value. This method allows the approximation of the toxicity of a mixture that has not been experimentally tested. Because of the preponderance of toxicity data on single chemicals, this method is the most often used of the approaches available for risk assessment of chemical mixtures (7) . The major shortcoming of this approach is the potential for interactions of the components in a biologic system that could influence the overall toxicity of a given mixture.
A weight-of-evidence (WOE) methodology for using information on binary interactions to modify risk assessments for chemical mixtures has been published (8, 9) . In the first of the two parts of this procedure, a WOE determination for interactions of the binary components of the mixture (BINWOE) is performed. Due consideration is given to the pharmacokinetic and pharmacodynamic behavior of the chemical components to obtain a composite representation of all the pertinent toxicologic evidence. In the second part of this procedure the BINWOEs are integrated into the overall risk assessment process for the mixture using the HI approach. This involves the use of dose-response assessments on individual chemical minimal risk levels ([MRLs] or comparable values), estimated levels of exposure, inferences on how binary combinations of the chemicals will interact, and algorithms that incorporate various assumptions on how chemical interactions will influence the joint action of the chemicals. The method is based on classical concepts of joint action, i.e., DA and its simple deviations. To a large extent the usefulness of such a method depends on two characteristics: consistency of application and accuracy. The application of this methodology was deemed consistent by expert toxicologists who reviewed the same body of data and determined the WOE for specific pairs of chemicals (10) . The current work was undertaken to evaluate the accuracy of this method and to determine if the WOE approach evaluations can better estimate and predict the toxicity of complex mixtures than the default assumption of dose additivity.
A series of animal studies for subchronic exposure to chemical mixtures has been conducted (1 1-13). A study that employed a nine-component mixture was used to evaluate the consistency of the BINWOE determinations that were considered significant in the experimental studies (11) . Although the data for toxicity of the single components of this mixture were not available, the study used a fractional factorial design that permitted the identification of binary interactions among the chemicals. Described in detail among the several interactions suggested were those between three binary pairs of chemicals, namely, butyl hydroxyanisole (BHA) and di (2-ethylhexyl) Medline and Toxline (14) to identify the primary sources of information for chemical interactions for these chemicals. Also, secondary sources such as the toxicologic profiles for these chemicals were used to identify pertinent studies for the chemicals. Relevant studies were identified and examined in detail, and draft qualitative BINWOEs were prepared for each pair of chemicals. These first drafts contained narrative explanations of the rationale including the available mechanistic and toxicologic information. These summaries also contained a discussion of the limitations and uncertainties that were associated with a given assessment. The draft summaries underwent an internal review, and interaction matrices (Tables 1, 2) were prepared for the four-component chemical mixtures before being sent to the ATSDR. ATSDR reviewers worked in groups to determine how well each evaluation reflected the information contained in the body of the summary assessment provided to them. If opinions regarding an assessment differed, a consensus was developed and appropriate modifications were made to the assessment. For the simple mixtures, the consensus BINWOEs were summarized by arraying them in descriptive Table 1 . Qualitative weight of evidence interaction matrix for similarly acting nephrotoxicants. Mumtaz and Durkin (8) , could be used to explain the observed experimental toxicity in animals. When experimental data for evaluating the WOE method were used, some adaptations to the published method were necessary. For the most part, these adaptations were relatively straightforward. The qualitative evaluations were converted to numerical scores using the data quality weighting factors described in Table 3 .
For the experimental data on single chemicals, the continuous response variables-such as change in relative kidney weight-are fit to the exponential model: R= ea+Pix di [1] R is a continuous response variable, aX is the estimate of the control response-the response when dose is 0-i is the potency parameter for the ith chemical, and di is the dose of the ith chemical. For each end point, this dose-response function was fit to each of the chemicals in the mixture based on single-chemical data using a common background response, i.e., oc.
In these analyses as well as regression analyses of the data on mixture exposures, maximum likelihood estimates were computed by the method of least squares. The estimate of the observed dose-response relationship, the 95% confidence limits of the regression, and the 95% prediction limits were also calculated. Model fit was assessed based the square of the correlation coefficient as well as the standard F-ratio of the mean square variance of the model to the mean square of the residual. In cases for which duplicate observations were available for a given dose, the F-ratio for the lack of fit against pure error was used to assess the assumptions of independence, normality, and uniform variance (15) .
Because of the nature of the singlechemical data only the linear and exponential models were considered. The exponential model was selected because it provided a somewhat better fit to most of the experimental data sets than the simple linear model. This is not to suggest that either the simple linear or exponential models are plausible over a wide range of doses. For continuous variables such as organ weights, a more plausible model would incorporate an estimate of a maximum change and would probably be sigmoidal in shape. For the single-chemical bioassays, however, only two positive dose groups plus a control group were tested. In all cases the lower dose was selected to approximate the no observed effect level and the high dose to approximate the lowest observed adverse effect level. These data are not adequate for fitting more complex sigmoidal models. The selection of the dose-response model has relatively little impact on this analysis because the range of doses used in the mixture studies is largely encompassed by the range of doses used in the single-chemical bioassays and little lowdose extrapolation and no high-dose extrapolation are required.
For the exponential dose-response model involving multiple chemicals, the dose-response model is expressed as n a+ 13xdi R = e i= [2] where n is the number of compounds. This is essentially identical to the assumption of DA and is thus directly analogous to the HI. The WOE method itselfwas modeled as: [3] which is analogous to the modification of HI (8) . As with the WOE method using the HI, Equation 3 multiplies the potencyweighted doses by an uncertainty factor taken to the power of WOEN, which can range from -1 to +1. Thus, if a factor of 10 is used for uncertainty factor for interactions (UF1) to illustrate the method, the above this equation alters the adjusted potencyweighted total dose by a factor that may range from 0.1 to 10-This is identical to the WOE method applied to the HI (8) .
The maximum likelihood of the dose-response relationships based on the assumptions of DA, response addition (RA), and the WOE method for various 0000 1) , the F-ratio for the lack of fit against pure error is also statistically significant (p= 0.0055).
For effects on relative kidney weight, DA (Figure 1 ) substantially overestimates the observed responses. In other words the increase in kidney weight is less than predicted. Conversely, RA with a completely positive correlation of tolerances underestimates the response (i.e., the observed kidney weights are greater than expected). Both of the deviations are dose related. The WOE method, however, yields an estimated dose-response relationship that is highly consistent with the observed values. Essentially, Figure 1 indicates that DA overestimated the observed responses, RA with a completely positive correlation of tolerance underestimated the observed responses, and the WOE method closely approximated the observed responses.
The corresponding plot for relative liver weight is given in Figure 2 . As illustrated in this figure, there is much less scatter in the experimental data and the model provides a very good fit to the data (r2 = 0.92). As with the analysis of the kidney data, the model fit is highly significant based on the F-ratio of the mean square 10 - In addition the F-ratio for lack of fit against pure error is statistically insignificant (p= 0.44). None of the models for joint action, however, closely approximated the observed responses of the liver following exposure to this mixture. All models underestimated the observed relative liver weights. Unlike the effects on kidney weight, the WOE method provides a poorer approximation of the observed liver weights than does DA. This is because, as with the effects on the kidney, the estimates of liver weights are based on BINWOEs that suggest a less than additive interaction. For liver weight the interaction appears greater than additive regardless of the additivity model used.
A comparison of the estimates of the joint action models for the changes in relative kidney weights in female rats after exposure to the mixture of dissimilarly acting chemicals is presented in Figure 3 . As with this end point for the similarly acting chemicals (Figure 1) , there is substantial scatter in the experimental data. The squared correlation coefficient is extremely low (r2 = 0.07) and the model fit to the observed responses based on the mean square variance of the model to the mean square of the residual is not statistically significant (p= 0.09). In addition all the interaction models overestimated the response. In other words, based on either DA or RA, the observed increases in relative kidney weight were less than expected. Mercuric chloride is the most potent agent for this end point in female rats, and the interaction (Figure 4) . Compared with the data set in female rats, less scatter is apparent (r2 = 0.64). Unlike the data set on female rats, the model fit to the observed responses based on the mean Tables 1 and  2 . There was no change in the direction of the interaction for any of these evaluations because the ATSDR reviewers agreed with the initial assessments and thus did not recommend any changes from one form of interaction to another. However, in some cases changes were recommended from additivity to antagonism.
Detailed interactions between three binary pairs of chemicals (BHA and DEHP, CdCI2 and Lop, and SnCl2 and CdCl2) have been published by Groten et al. (11) . The interaction between BH-A and DEHP resulted in a decreased total palmitoyl-CoA oxidase (PalmCoA) activity as shown in Figure 5 , which is a two-by-two plot of the effect of the individual chemicals. The interaction between CdCl2 and Lop resulted in increased liver toxicity, indicated by a 4.74 U/liter higher aspartate aminotransferase (ASAT) than could be expected on the basis of summation of the effects of the two single chemicals. Finally, the interaction between SnCI2 and CdCl2 resulted in lower ASAT and hemoglobin levels than could be expected on the basis of additivity of the two chemicals. The absence of parallel lines in Figure 5A to 5C indicates the interactive effect between these pairs of chemicals. The results of the assessment, performed at the ATSDR, for these binary interactions indicate that the joint toxicity of BHA on DEHP should be less than additive (< IIB) and that the confidence in this assessment is medium. The joint toxicity of CdCI2 on Lop should be more than additive (> IIIC) but the confidence in this assessment is low. Also, the overall joint toxicity of SnCl2 and CdCI2 should be less than additive (< IIIC) and the confidence in this assessment is low. Thus, there are parallels in the qualitative assessments and the experimental findings of these combinations of chemicals. The qualitative evaluations for binary combinations of these chemicals showed that the WOE approach can be used to qualitatively estimate the joint toxicity of chemicals for certain end points. Such For the kidney toxicants acting with dissimilar mechanisms (12) , the WOE method did not correctly account for any of the observed interaction patterns. In both male and female rats less than doseadditive interactions are apparent based on changes in relative kidney weight. For relative kidney weights in female rats, the WOE method estimates are somewhat greater than dose additivity because the predominant chemical in the mixture is mercuric chloride. HCBD, the other component of the mixture, is judged to enhance the toxicity of mercuric chloride (Table 2 ). For male rats the potencies of HCBD and mercuric chloride are essentially the same. Thus, based on the BINWOEs for these compounds (Table  2) , the interactions are offsetting and the estimates for DA and the WOE method are essentially the same (Figure 4) .
Based on the findings of this rather limited study, the data suggested that the WOE method can be applied to assess the toxicity of similarly acting toxicants. Because the WOE method is based on a modification of DA that is in turn based on the assumption of similar mechanism of action, this limitation seems reasonable. However, compared with DA, RA appears to be better for characterizing the observed responses for toxicants acting with dissimilar mechanism of action, as seen for increases in kidney weight in female rats (Figure 3 ). For relative kidney weights in male rats (Figure 4) , the observed response is intermediate between DA and RA.
As we showed in this paper, most of the WOE evaluations indicated a direction of the interaction that was consistent with the animal data. For the similarly acting toxicants the WOE methodology closely approximated the dose-response relationship compared with the other available joint toxicity models (Figure 1) . The results also show that the WOE evaluations must be target-organ-specific because none of the available models could closely approximate the observed responses in organs (such as liver) other than the primary (critical) target organs (Figure 2 (Figures 1-4) . If this range of 0.00 to 0.05 potency-weighted dose represents the common environmental exposure levels to mixtures of chemicals, then using any of these joint toxicity models will serve the purposes of a public health assessor for evaluation of chemical mixtures. However, at a range between 0.05 and 0.1 potencyweighted dose, the differences between use of a particular model become apparent. In other words, unless the magnitude of the interaction is substantial there will be little quantitative difference among the different models for joint action in the low dose region, i.e., doses that individually would not be expected to cause substantial biologic responses.
The findings of this study can be verified and further clarified through a WOE analysis of data available from several recent animal studies that have used elaborate experimental designs to study potential chemical interactions (18, 19) . A full factorial experimental design was used to study developmental effects of a threecomponent mixture of TCE, DEHP, and heptachlor by gavage exposure (18 
Conclusion
In conclusion, the results we presented here suggest that the WOE method for chemical mixtures may be a useful tool for estimating chemical interactions and characterizing the overall joint toxicity of chemical mixtures. Also, the WOE evaluations, based on consideration of common mechanisms for simple chemical mixtures, can lead to better estimates of the observed toxic responses than the default assumption of dose additivity. Such evaluations can then be used to estimate and predict the toxicity of higher combination mixtures based on the data of simple binary mixtures.
Efforts are currently underway to conduct additional experiments to specifically address the issues of when it might be reasonable to apply the WOE method and to what extent BINWOEs may need to be organ or end-point specific. In the interim it seems reasonable that the WOE method can be used as a tool that allows the risk assessor to express concern for potential chemical interactions. Until further data become available to assess the applicability and, if needed, modifications of the method for different classes of compounds and ranges of effects, the WOE method can be used to modify HIs in site-specific risk assessments on a case by case basis.
To understand the role of chemical interactions and to estimate the overall toxicity of a mixture, specially designed experimental studies should be conducted. The focus of such studies should be the understanding of mechanisms involved and their influence on the expression of the overall toxicity of chemical mixtures in multitarget organs. Such research can help advance the methods for the toxicity assessment of chemical mixtures.
